Faecalibacterium prausnitzii is one of the most abundant commensal bacteria 33 in the healthy human large intestine, but information on genetic diversity and substrate 34 utilization is limited. Here, we examine the phylogeny, phenotypic characteristics and 35 influence of gut environmental factors on growth of F. prausnitzii strains isolated from 36 healthy subjects. Phylogenetic analysis based on the 16S rRNA sequences indicated 37 that the cultured strains were representative of F. prausnitzii sequences detected by 38 direct analysis of fecal DNA, and separated the available isolates into two 39 phylogroups. Most F. prausnitzii strains tested grew well under anaerobic conditions 40 on apple pectin. Furthermore F. prausnitzii strains competed successfully in co-culture 41 with two other abundant pectin-utilizing species, Bacteroides thetaiotaomicron and 42
Human colonic microbiota, pectin, bile salts, anaerobes 30 31 tested were bile-sensitive, showing at least 80% growth inhibition in the presence of 48 0.5 µg/ml bile salts, while inhibition at mildly acidic pH was strain dependent. These 49 attributes help to explain the abundance of F. prausnitzii in the colonic community, but 50 also suggest factors in the gut environment that may limit its distribution. 51
52

INTRODUCTION 53
Faecalibacterium (formerly Fusobacterium) prausnitzii (11) is one of the three 54 most abundant species detected in human feces by anaerobic cultivation (32) and by 55 16S rRNA-based molecular analyses (21, 51, 52, 57) . Following its first isolation (4, 56 20) this species received little attention, partly because of its oxygen sensitivity (14) , 57 until new isolates became available from studies on the dominant butyrate-producing 58 bacteria from the human colon (2) that allowed the definition of the new genus 59
Faecalibacterium (11). Interest in this bacterium has increased recently with reports 60 that the relative abundance of F. prausnitzii among the human colonic microbiota, as 61 estimated by 16S rRNA-based culture-independent methods, is reduced in certain 62 forms of inflammatory bowel disease (IBD). Crohn's disease (CD) patients, mainly 63 those with ileal involvement, have been reported to exhibit diminished prevalence of 64
Firmicutes often with a concomitant increase in Proteobacteria (15, 30, 60) . Molecular 65 analysis of both fecal and biopsy samples has revealed that the depletion in the former 66 is due in part to decreased abundance of the F. prausnitzii group (6, 45, 47, 50, 60) . 67
Reduced F. prausnitzii abundance has also been reported in colorectal cancer (1) and 68 in the frail elderly (29, 56) leading to the suggestion that this bacterium could provide 69 an indicator of a healthy gut microbiota. F. prausnitzii is one of the main sources of 70 butyrate in the colon (27, 37) and the multiple effects of butyrate as the preferred 71 energy source for the colonocytes and upon apoptosis, inflammation and oxidative 72 stress are generally considered to be beneficial to intestinal health (18, 37, 40) . 73 F. prausnitzii is also thought to have additional anti-inflammatory properties that are 74 suggested by cellular studies and TNBS colitis models in mice (49) . 75
In view of the proposed role of F. prausnitzii in intestinal health it is important 76 to gain a better understanding of the microbial ecology of this species. It is currently 77 unclear what major substrates, of dietary or host origin, are likely to support growth 78 and what factors in the gut environment may influence its distribution in the intestine. 79
It is also important to establish how much genetic and phenotypic variation occurs 80 within this species, and the extent to which available cultured strains represent the 81 diversity present in vivo. This study addresses these questions by examining the 82 characteristics of the available cultured strains, including new isolates from healthy 83 humans. 84
85
MATERIALS AND METHODS 86
Bacterial strains and growth conditions. The F. prausnitzii isolates listed in Table 1  87 were from stocks held by the authors (S.H. Duncan, Rowett Institute of Nutrition and 88
Health, Aberdeen, UK and H. J. M. Harmsen, Department of Medical Microbiology, 89
University of Groningen, Groningen, The Netherlands) and all are of human fecal 90 origin (Table 1) . F. prausnitzii related isolates were obtained from the highest 91 countable dilution of human fecal samples in roll tubes of anaerobic M2GSC medium 92 (31), as described previously (2). Anaerobic culture methods were those of Bryant, 93 1972 (3) using Hungate culture tubes, sealed with butyl rubber septa (Bellco Glass). 94
Additional F. prausnitzii strains designated as HTF isolates were isolated from freshly 95 methods. No filters or masks were used when constructing the trees. Bootstrapping 161 analysis (1000 replicates) was done to test the robustness of the NJ-JC tree using 162 PHYLIP (13). 163
To assess which F. prausnitzii phylogroups were represented by the isolates, 164 representative sequences of 16S rRNA genes directly amplified from fecal DNA were 165 included (boldfaced in Fig. 2 ). These uncultured sequences were aligned and 166 processed as described above and then added to the isolates-based tree using the 167 parsimony quick add marked tool already implemented in ARB software package, 168 thereby maintaining the overall tree topology. 169
The 16S rRNA gene full length sequences of isolates S3L/3, S4L/4, HTF-A, HTF-B, 170 HTF-C, HTF-E, HTF-F, HTF-I, HTF-60C, HTF-75H, L2-15, L2-39 and L2-61 were 171 deposited to the GenBank/EMBL/DDBJ database under the accession numbers 172 HQ457025-HQ457033, and JN037415-JN037417 respectively. 173
RAPD-PCR.
Isolates were screened by random amplified polymorphic DNA-PCR 174 (RAPD-PCR) using the primer 1254, following a previously described method (59). 175 RAPD-PCR profiles were compared using the GelComparII software (Applied 176 Maths, Belgium). The UPGMA method was used to build the dendrogram (Fig. S1 ) 177 and clusters were defined at a similarity score of >93.5%. 178
Carbohydrate utilization and assessment of bacterial growth. Substrate utilization 179 was determined by adding a final concentration of 0.5% wt./vol. sugar to YCFA 180 medium. Where possible, growth was measured spectrophotometrically as OD 650 for 181 triplicate cultures at regular intervals up to stationary phase . For insoluble xylan, 182 however, fermentation was monitored by final pH measurement. To study 183 competition for pectin, F. prausnitzii strains S3L/3 and A2-165 were inoculated 184 individually and together with the known pectin-utilizing species B. thetaiotaomicron 185 B5482 and E. eligens 3376 in co-cultures and tri-cultures (see Table S2 ). These 186 experiments used YcFA medium supplemented with 0.5% apple pectin (BDH 187 Chemicals) that had been pre-adjusted to three different initial pH values (6.12, 6.45, 188 6.79). Samples were collected at 0 h and 24 h to estimate bacterial numbers by FISH, 189 total sugar analysis and SCFA concentrations. SCFA were analysed by gas 190 chromatography following conversion to t-butyldimethylsilyl derivatives (39). Total 191 sugars were determined using the colorimetric phenol sulphuric assay (10). 192
Influence of initial pH and bile salts on bacterial growth. Each strain was 193 inoculated into YCFA medium supplemented with 10 mM glucose (YCFAG) that had 194 been adjusted to the three different initial pH values (6.7, 6.2 and 5.75) as described 195 previously (12). Growth was followed for 24 h by measuring absorbance at 650 nm 196 for triplicate cultures and specific growth rates (h -1 ) calculated in exponential phase. 197
The influence of bile salts (Sigma B8631) was assessed by inoculating into YCFAG 198 medium containing 0% (control), 0.1%, 0.25% or 0.5% bile salts (wt./vol.), in 199 triplicate. Growth was measured spectrophotometrically up to 24 h using absorbance 200 at 650 nm wavelength. The pH of the medium was also monitored at the beginning 201 and at the end of each experiment. Fig. 1 ). The 16S rRNA sequences 221 define two branches within the Ruminococcaceae, within which sequences share 222 >97% sequence identity; these also include five sequences reported previously for the 223 isolates M21/2, ATCC27766, ATCC27768
T (phylogroup I), A2-165 and L2-6 224 (phylogroup II). The 18 isolates shown in Fig.1 pectin, although not on citrus pectin. Salyers et al. (43, 44) noted that the utilization 257 of uronic acids was unusual in genera from the human colon other than Bacteroides 258 species. In the present study several F. prausnitzii strains were able to utilise 259 galacturonic acid, which is an important constituent of pectin. Previous studies have reported that F. prausnitzii growth is inhibited by slightly acidic 273 pH (12). The eight isolates tested showed growth rates at pH 5.75 ranging between 274 20% (for A2-165) and 80% (for HTF-F) of those at pH 6.7 (Fig. 4A ). On average there 275 was a 14% decrease at pH 6.2, but a 60% decrease at pH 5.75, compared with pH 6.7. 276
Tolerance of bile salts, whose concentrations have been reported to increase in certain 277 gut disorders (24, 35) is also considered to be an important factor for survival in the 278 intestine. Bile salt tolerance differed among isolates particularly at the lowest 279 concentration tested (0.1%) but all the strains tested were bile salt sensitive, showing 280 on average 76%, 95% and 97% inhibition at 0.1%, 0.25% and 0.5% bile salts, 281 respectively ( Fig. 4B ). By contrast, other species of intestinal bacteria such as 282
Bacteroides spp. and Enterococcus faecium have been reported to be resistant up to 283 20% and 40% bile salt concentrations respectively (5). Bile acids are synthesised in the 284 liver and released into the small intestine where it is estimated that 90-95% of secreted 285 bile is absorbed. The concentration of bile in the healthy large intestine is 286 approximately 0.05-0.3%. The sensitivity of all the F. prausnitzii isolates tested to bile 287 salts suggests that this is a factor that may restrict populations of this species in regions 288 of high bile concentration, eg. within the small intestine. 289 While these differences in sensitivity to bile salts and pH seem likely to 290 influence the distribution of individual strains, there was no statistically significant 291 evidence for consistent differences within phylogroups. 292
Potential role of Faecalibacterium prausnitzii in the fermentation of pectin 293 in the colon. Pectin is extensively fermented in the human colon (7, 55) but the 294 ability to utilize pectin for growth has been reported for relatively few groups of 295 human colonic bacteria. Salyers et al. (43, 44) showed that pectin utilization was 296 relatively common among Bacteroides spp. occurring in 47 % of 188 isolates 297 surveyed and prompting subsequent studies on B. thetaiotaomicron (9, 54). In 298 contrast, of the 154 strains of Gram-positive anaerobes tested, which included five 299 strains reported as Fusobacterium prausnitzii, only Eubacterium eligens was 300 previously found to utilize pectin or polygalacturonic acid (43) ( Table 3 ). The present 301 data, however, indicate that F. prausnitzii could have a major role in pectin utilization 302 (Table 3) . 303
In order to test this hypothesis further, we examined the ability of two 304 F. prausnitzii strains (S3L/3 and A2-165) to compete for apple pectin with 305 representatives of the two other known groups of pectin utilizing bacteria, B. 306 thetaiotaomicron and E. eligens. As previous studies have shown that pH plays a 307 critical role in determining the outcome of competition between Bacteroides spp. and 308
Firmicutes (12, 58) incubations were performed at three initial pH values typical of 309 the range seen in the distal colon (Fig.5 , Tables S1, S2). In pure cultures, the major 310 fermentation products produced from pectin were butyrate for F. prausnitzii, acetate 311 and succinate for B. thetaiotaomicron, and formate and acetate for E. eligens (Fig.  312 5A). As previously observed for growth on starch and glucose (12) the lowest pH 313 (6.12) curtailed fermentation of pectin by B. thetaiotaomicron. As expected (see 314 Fig.4A ) both F. prausnitzii strains grew well at the lowest pH (Fig.5) . Tri-cultures 315 including all three species showed large amounts of butyrate at all three pH values, 316 thus confirming the ability of F. prausnitzii to compete for this substrate with the 317 other two pectin utilizing species (Fig. 5B) . Counts estimated by FISH for F. 318 prausnitzii after 24 h incubation indicated greater numbers in the triculture at the 319 lowest pH than at the highest pH (Fig. 5C ). Butyrate concentration was less affected 320 by pH, indicating continued fermentative activity by F. prausnitzii in spite of 321 decreased cell growth at the highest pH. Data for two-membered co-cultures from this 322 experiment are shown in Tables S1 and S2. Pectin utilization (measured by decrease 323 in total sugar) was highest for cultures including B. thetaiotaomicron at pH 6.79 324 (Table S2) . 325
Conclusions. F. prausnitzii is one of the three most abundant bacterial species 326 found in the healthy adult human large intestine, but its ecology has remained largely 327 unknown. This study has substantially increased the number of cultured, 328 characterized F. prausnitzii isolates of human origin, and has begun to provide a 329 better understanding of the diversity and microbial ecology of this species in the 330 colon. Based on their 16S rRNA sequences, the available cultured isolates define two 331 broad phylogroups that also include 97 % of F. prausnitzii 16S rRNA sequences that 332 are detected by direct amplification from human fecal DNA. Our analysis of 333 phylogroup I and II strains from healthy individuals did not reveal systematic 334 differences between the phylogroups with respect to substrate utilization, pH 335 tolerance or bile sensitivity. Nevertheless, molecular surveys indicate that 336 representatives of both phylogroups often coexist among the dominant microbiota of 337 individuals (53, 57). There is evidence for reduced representation of F. prausnitzii in 338 active ileal Crohn's disease (50) and it would be of interest in the future to compare 339 the characteristics, including potential interactions with the immune system, of F. 340 prausnitzii isolated from Crohn's patients with those from healthy subjects. 341
Based on our analysis of substrate utilization in 10 cultured strains from seven 342 healthy individuals, most F. prausnitzii strains have the ability to utilise apple pectin 343 for growth. The previous report that F. prausnitzii strains failed to use pectin is most 344 likely to reflect the use of citrus pectin in that study (43) . We have shown that F. 345 prausnitzii strains are able to compete for apple pectin as a substrate in the presence of 346 two other known pectin-utilizing species, B. thetaiotaomicron and E. eligens, 347 suggesting that they make a contribution to pectin fermentation in the colon. Our 348 results suggest that this may apply especially at mildly acidic pH values when 349 competition from Bacteroides spp. is reduced (12, 58 Final medium pH (measured in all cases and detailed in Initial medium pH 6 .1 2 6 .4 5 6 .7 9 6 .1 2 6 .4 5 6 .7 9 6 .1 2 6 .7 9 6 .1 2 6 .4 5 6 .7 9 F2+E+B F1+E+B F2 F1 Figure 5 . Lopez-Siles et al. Figure S1 . Lopez-Siles et al.
